95(1):309-316. https://doi.org/10.1172/JCI117657. Phosphatidylethanolamine (PE) is an important membrane component for supporting activated protein C anticoagulant activity but has little influence on prothrombin activation. This difference constitutes a potential mechanism for selective inhibition of the protein C anticoagulant pathway by lupus anticoagulants and/or antiphospholipid antibodies. In this study, we demonstrate that the presence of PE augments lupus anticoagulant activity. In the plasma of some patients with lupus anticoagulants, activated protein C anticoagulant activity is more potently inhibited than prothrombin activation. As a result, in the presence of activated protein C and PE, these patient plasmas clot faster than normal plasma. Patients with minimal lupus anticoagulant activity are identified whose plasma potently inhibits activated protein C anticoagulant activity. This process is also PE dependent. In three patient plasmas, these phenomena are shown to be due to immunoglobulins. The PE requirement in the expression of activated protein C anticoagulant activity and the PE dependence of some antiphospholipid antibodies provide a mechanistic basis for the selective inhibition of the protein C pathway. Inhibition of activated protein C function may be a common mechanism contributing to increased thrombotic risk in certain patients with antiphospholipid antibodies.
Introduction
Lupus anticoagulants and antiphospholipid antibodies have been the focus of considerable attention recently because the presence of these antibodies is associated with an increased incidence of thrombosis ( 1, 2) . Furthermore, patients with antiphospholipid antibodies exhibit increased levels of prothrombin activation fragments, suggesting elevated coagulation even in the basal state (3) .
The mechanism by which these classes of antibodies might influence coagulation has been proposed to involve binding to negatively charged phospholipid membrane surfaces. Antibody binding to membranes may or may not require /32 glycoprotein 1 (1, 4) . Evidence exists that the antiphospholipid antibodies, usually detected by binding to cardiolipin, can be separated from the lupus anticoagulant antibodies (4) . Antiphospholipid antibodies have been reported to require ,2 glycoprotein 1 to bind to membrane surfaces, whereas no comparable requirement was detected for lupus anticoagulants (4) . In contrast, other investigators have identified anticardiolipin antibodies that express anticoagulant activity only in the presence of 32 glycoprotein 1 (5) . Antibody binding either directly to membranes or mediated by /2 glycoprotein 1 may constitute only a subset of the mechanisms involved in modulating coagulation. For instance, other mechanisms that have been proposed to explain inhibition of coagulant and anticoagulant complexes include antibody binding to the prothrombin (6, 7) , protein S (7) or protein C (7) membrane complexes.
One of the candidate mechanisms that has been proposed to explain the thrombotic tendencies in these patients involves inhibition of the protein C anticoagulant pathway. Indeed, both protein C activation (8) (9) (10) and activated protein C (APC)' anticoagulant activity (7, [11] [12] [13] have been shown to be partially inhibited by the lupus anticoagulants. Although antibodies to protein components of the pathway contribute in a small number of patients (see for instance reference 14) , most patients appear to exhibit these protein C pathway inhibitory activities only in the presence of a membrane surface. Selective inhibition of protein C function on the membrane surface would be expected to be associated with an increased thrombotic risk similar to that observed in patients with decreased protein C levels (15) (16) (17) . Although inhibition of these steps in the protein C pathway would contribute to propagation of coagulation, these procoagulant effects would presumably be offset by the anticoagulant effects caused by the antibodies blocking the assembly of the coagulant complexes. Superficially, this situation would appear to mimic the effects of oral anticoagulants in which membrane binding by all of the vitamin K-dependent factors is impaired, the net result of which is inhibition of coagulation. Therefore the question arises as to how selective inactivation of the protein C pathway can be accomplished by antibodies that appear to function by binding to membrane surfaces.
One possibility is that cell surfaces differ from the phospholipids used in clotting tests with respect to their sensitivity to antiphospholipid antibodies. It has been observed, for instance, that platelet membrane procoagulant activity is relatively insensitive to the lupus anticoagulants (18, 19) , and this may limit the anticoagulant effects of these antibodies in vivo. Whether a similar situation exists for APC remains unknown. An alternative and possibly complementary explanation for selective inhibition of the protein C pathway is that procoagulant and anticoagulant complexes exhibit different membrane requirements. Consistent with this possibility, we demonstrated recently that APC anticoagulant activity was dramatically enhanced by phosphatidylethanolamine (PE) or, to a lesser extent, cardiolipin (20) . Both of these phospholipids have been shown by others to be major targets of the antiphospholipid antibodies (1, 21) , raising the possibility that PE provides a mechanism for selectively inhibiting the protein C pathway in patients with antiphospholipid antibodies, even when they exhibit low levels of lupus anticoagulant activity.
In this study, we demonstrate that PE within phospholipid vesicles enhances the lupus anticoagulant activity relative to vesicles devoid of PE but that PE augments the inhibitory activity toward APC function even more. The net result is that in the presence of APC, plasma from some patients with lupus anticoagulants can actually clot faster than the normal plasma. Some patients with antiphospholipid antibodies and only weak lupus anticoagulant activity also inhibit APC function potently. This response is also dependent on the presence of PE in the vesicles. The dependence on PE for optimal APC function may provide a molecular explanation for the thrombotic tendency in some patients with lupus anticoagulants and/or antiphospholipid antibodies.
Methods

Reagents and proteins
The factor X activator was purified from Russell's viper venom (Sigma Chemical Co., St. Louis, MO) (X-CP) (22) . Human APC (23) , and human thrombin (24) were prepared as described. Immunoglobulin (Ig) from the patient's plasma and the normal pool was isolated by the three step partitioning according to the manufactures instructions ("E-Z-Sep;" Middlesex Sciences, Inc., Foxborough, MA). The precipitate was reconstituted to the original volume. When the patient IgG was studied explicitly, this was prepared by purification on a Protein G column (HiTrap, Pharmacia, Uppsala, Sweden) according to the manufacturer's directions. Bovine serum albumin (BSA), gelatin, optical APT`I reagent, Ancrod, bovine brain PE, and buffers were from Sigma Chemical Company (St. Louis, MO). Spectrozyme-PCa was from American Diagnostica (Greenwich, CT). l-Palmitoyl-2-oleoyl phosphatidylserine (PS) and l-palmitoyl-2-oleoyl phosphatidylcholine (PC) were purchased from Avanti Polar Lipids Inc. (Birmingham, AL).
Liposomes were prepared by sonication of phospholipid mixtures in TBS (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.02% sodium azide) as described (20) and stored at room temperature. PS/PC liposomes contained 20% PS and 80% PC. PE/PS/PC liposomes contained 40% PE, 20% PS, and 40% PC.
Plasma
Normal pooled plasma was prepared by mixing fresh citrated plasma from 14 healthy volunteers and was stored at -80'C. The clinical and laboratory evaluations of the patients presented in this paper are summarized in Table I .
Thrombin formation in plasma
Plasma was defibrinated by adding 5 p1 of a 50 U/ml Ancrod solution to 1 ml of citrated plasma for 5 min at 370C, and the fibrin was removed by centrifugation at 8,000 g for 10 min. The intrinsic pathway was initiated at room temperature by addition of optical APTT reagent consisting of ellagic acid and cephalin. All reactions were performed in wells of a 96-well vinyl assay plate (Costar Corp., Cambridge, MA).
The first stage of the reaction, which contained 20 MI TBSG (TBS containing 1 mg/ml gelatin, pH 7.4), 10 MI plasma under investigation, and 10 Ml optical APTT reagent, was allowed to incubate for 5 min, after which either 10 Ml of 80 nM (5 Mig/ml) human APC (+APC) or 10 Ml buffer (-APC) and 10 il normal plasma were added and the entire mixture was allowed to incubate for an additional 3 min. Thrombin formation was initiated by addition of 25 MI of 20 mM CaCl2.
Thrombin formation was stopped at the times indicated by addition of 20 pl of 50 mM EDTA, 200 mM Mops, pH 7.4. Thrombin activity was assayed immediately to prevent the slow inhibition by antithrombins in the plasma. Thrombin activity was determined with the chromogenic substrate, Spectrozyme PCa (50 pl, 0.5 mM) on a Vma, kinetic microplate reader (Molecular Devices, Menlo Park, CA). Thrombin concentration was determined by reference to a standard curve prepared with human a-thrombin.
Clotting assays
Clotting assays were performed by a modification of the dilute Russell's viper venom test. Purified factor X-activating enzyme (X-CP) was used instead of crude venom. The assays were adapted to allow evaluation of the phospholipid or APC dependence of the clotting time.
Phospholipid dependence. Assays were performed in wells of 96well plates. Liposomes in TBSG (30 ,l) at the concentrations indicated were incubated for 20 min at room temperature with 10 1l of the plasma, serum, or immunoglobulin under investigation. To this sample was added 10 MI of 320 nM human APC, 10 ,1 of 10 ng/ml X-CP, and 10 pl normal pooled plasma. The entire mixture was incubated for 1 min. Clotting was initiated by addition of 25 1ll of 20 mM CaCl2. The clotting time was determined on a Vmax kinetic microplate reader. APC dependence. The assay was performed as above except that the sample under investigation (10 pl) was mixed with 30 MI APC at the concentrations indicated. After a 5-min incubation, 10 MI of 60 Mg/ ml phospholipid, 10 Ml of 10 ng/ml X-CP, and 10 MI normal plasma were added and the entire mixture was incubated for an additional 1 min. Clotting was started by addition of 25 Ml of 20 mM CaCl2.
Removing of liposome-specific antibodies from IgG
Adsorption ofliposomes on latex. Polystyrene latex pellet, 50 pl, (diameter 6 gm, Sigma Chemical Co.) was washed three times with 1 ml TBS by centrifugation (8000 g, 1 min); resuspended in 50 1l TBS containing 5 mM CaCl2; mixed with 100 MI liposomes (1 mg/ml of total phospholipid in TBS); incubated 2 h on an orbital shaker at 370C; pelleted by centrifugation; washed two times with 1 ml of TBS; resuspended in 1 ml TBS containing 1 mg/ml gelatin, 1 mg/ml ovalbumin, and 10 mg/ml BSA; incubated 2 h at room temperature on a shaker; washed two times with 1 ml TBS; and resuspended in 500 IL TBS.`4C-PC incorporated into the liposomes was used to calculate the concentration of adsorbed liposomes. The phospholipid concentration in the final suspension was 50 pg/ml for both PS/PC and PE/PS/PC adsorbed liposomes. Latex-carrying liposomes were stored at 40C for 2 7 d without any loss of adsorbed phospholipid.
Adsorption of liposome-specific antibodies. A 200-il suspension of liposome-covered latex particles was washed two times with I ml TBSG containing 2 mM CaCl2. The particles were pelleted and 30 ml of 17 mg/ml IgG from plasma C21 was added, mixed, incubated 40 min at 250C with periodic mixing, and then filtered through a 4-mm filter (GV-Millex, 0.22 pum, Millipore Corp., Milford, MA) by centrifugation at 3000 g for 3 min. To avoid loss of material, the pellet on the filter was washed in the centrifuge tube with 65 IL TBSG, and both filtrates were combined. The final concentration of IgG was 5 mg/ml.
ELISA for antiphospholipid antibodies
The assay was performed as described (25) with minor modifications. Microtiter plate wells (PVC; Costar Corp.) were coated with 50 p1 PE 
Factor V determination
Factor V/Va was measured by a one-stage assay as described (26) . One unit of factor V is defined as the activity present in 1 ml of normal plasma.
was blocked over the time period tested. In lupus anticoagulant plasma in the presence of APC (Fig. 1 To test the hypothesis that this effect was dependent on specific membrane phospholipid components, we compared the clotting times of plasma samples using liposomes composed of 20% phosphatidylserine and 80% phosphatidylcholine with those containing 40% PE, 20% PS, and 40% PC. PE was chosen as the phospholipid of choice for comparison since it is a major
Results
To test the hypothesis that lupus anticoagulants could actually favor the net coagulant response in the presence of APC, thrombin generation was measured in normal plasma and the plasma of a patient with lupus anticoagulant activity in the presence and absence of APC (Fig. 1 ). The coagulation cascade was initiated in defribinated plasma with ellagic acid and cephalin. Brain cephalin is a crude preparation containing many phospholipid species, including -40% PE. As expected, thrombin generation in the absence of added APC was faster in the control than in the lupus anticoagulant patient's plasma. The lupus anticoagulant patient's plasma exhibited a marked lag before thrombin formation ensued. In the presence of APC, the thrombin generation began sooner in the lupus anticoagulant plasma than in the normal control, that is, the reverse of what was seen in the absence of APC. In normal plasma, thrombin formation (27), it is a major phospholipid in brain and hence in cephalin, it is required for optimal APC function (20) , and it can interact with lupus anticoagulant antibodies (21) . Before comparing the response of the lupus patient plasmas, however, it was useful to compare the role of membrane composition on the dose-response relationships of clotting times of normal plasma in the presence and absence of APC (Fig. 2 ).
For these experiments, clotting was initiated with X-CP since with this enzyme the phospholipid composition and concentration could be varied independently. Increasing the phospholipid concentration decreased the clotting time in the absence of APC whether or not the vesicles contained PE. At very high concentrations, the vesicles inhibited clotting. In the presence of APC, PE-containing vesicles exhibited a much greater anticoagulant response at all vesicle concentrations, illustrating the anticoagulant activity associated with the PE-containing vesicles. We next compared the coagulation profiles of several patients with lupus anticoagulants (Fig. 3 ). To aid in the analysis of this complex comparison among patients and conditions, the particular reaction conditions and symbols corresponding to the comparisons of interest are presented in the text below as well as in Fig. 3 . The studies were performed in the presence (C and D) and absence (A and B) of APC. For these studies, coagulation was supported on vesicles with (B and D) and without (A and C) PE. As anticipated, in the absence of APC, the plasmas containing lupus anticoagulants (open symbols, A and B) had longer clotting times than the normal plasma (closed circles) at all concentrations of both types of vesicles. The lupus anticoagulant plasmas exhibited longer clotting times with the PE-containing vesicles (open symbols, B compared with A). In the presence of APC, when clotting was performed on vesicles lacking PE (C), the clotting times of the lupus anticoagulant plasma were similar to or longer than that of the normal plasma pool. In contrast, on PE-containing vesicles in the presence of APC (D), several of the patient plasma samples actually clotted faster than the normal plasma, especially at the higher phospho- These studies raised the question of whether potent inhibitory activity toward APC might also be found in samples with low lupus anticoagulant activity. In Fig. 4 
B, several patient plasmas (open symbols) inhibited APC anticoagulant activity very effectively compared with the control (closed circles).
These samples showed only marginally increased clotting times in the absence of APC. In A, patient plasmas with prolonged clotting times in the absence of APC had a general tendency to clot faster than the control plasmas at high levels of APC. Some of the patient plasmas with either high or low lupus anticoagulant activity could effectively block APC anticoagulant activity when analyzed as a function of increasing phospholipid concentration at constant APC (Fig. 5 ). In Fig. 5 A, the patient plasmas (open symbols) with high lupus anticoagulant activity clotted slower than the control (closed circles) at low phospholipid but faster than the control at high phospholipid concentrations (closed circles). Some of the patients who exhibited little lupus anticoagulant activity blocked APC anticoagulant activity effectively at most of the phospholipid concentrations tested (Fig. 5 B) . The patient results shown in Figs. 4 and 5 are representative of some of the highest APC inhibitory activity that we have observed. Thus patients can possess potent inhibitory activity toward APC even when they have only modest levels of lupus anticoagulant activity.
Recently, familial APC resistance that is associated with thrombotic tendency has been described (28) (29) (30) and has been shown to be due to an abnormal factor V that lacks cofactor activity (31) . The cofactor activity of the factor V was lost after activation (31 ) . If the activity that we report here was due to an abnormal factor V, then the activity would be anticipated to be lost in serum. Plasma was incubated with thrombin (10 U/ml) at 370C for 18 h, and the clot was removed by centrifugation for 15 min at 10,000 g. Patient serum (C7) was virtually indistinguishable from plasma when assayed in the phospholipid dependence assay (Fig. 6 ). Both the anti-APC functional activity ( Fig. 6 A) and lupus anticoagulant activity ( Fig. 6 B) were retained in the serum. Since factor Va is not functional in correcting APC resistance and is unstable in serum, it would seem extremely unlikely that this activity could be due to factor V.
The central hypothesis of this paper is that the activity is due to antibodies in the patients plasma. Total immunoglobulins were isolated from normal plasma and patient plasma (C7 and C 13). The resultant immunoglobulins had < 0.001 U/ml Factor V activity, yet retained both the ability to inhibit APC anticoagulant activity and their lupus anticoagulant function (Fig. 7) .
Although the above studies indicate that inhibition of APC anticoagulant function is a property of the patient's immuno- globulins, they do not directly deal with the mechanism of inhibition of APC anticoagulant function. One possibility is that the antibodies bind to APC or protein S directly and thus block APC anticoagulant activity. To test this possibility, we established an ELISA for anti-APC and anti-protein S antibodies.
ELISA plates were coated with 50 pA of 20 pg/ml APC, protein S, or prothrombin. We failed to detect specific antibodies in plasmas, immunoglobulins, or IgG prepared from patients Cl, C7, C13, C21, or normal plasma. Plasma from patient C7 had low binding to all vitamin K-dependent protein tested. IgG from this patient exhibited a very low binding activity only to human prothrombin (data not shown). These studies suggest antibodies to APC and protein S are not likely to be responsible for inhibition of APC anticoagulant function.
Our assay shows that both lupus anticoagulant and inhibition of APC functional activity are very dependent on the presence of PE in the phospholipid. To test whether the patient antibodies could react directly with PE-containing phospholipids, we established an ELISA in which the plates were coated with PE or mixtures of PE/PS/PC. All patient's plasmas tested, C1, C7, and C13 ( Fig. 8, closed symbols) , contained antibodies against PE itself ( Fig. 8 A) and the mixture of phospholipids, equivalent to PE/PS/PC liposomes ( Fig. 8 B) . These findings indicate that at least this cohort of patients have antibodies that bind to PE. This specificity could allow the antibodies to interfere with APC binding to the membranes, but the observation that the antibodies bind to membranes does not directly demonstrate that this population of antibodies is responsible for inhibiting APC anticoagulant activity.
To address the question of whether the antibodies that inhibit APC anticoagulant function can bind directly to PE-containing phospholipid vesicles, we attempted to adsorb patient IgG with vesicles containing PE and, as a control, with vesicles lacking PE. To minimize the amount of patient IgG required, we performed the adsorption with liposomes on polystyrene latex particles. Vesicles adsorbed on the latex particles still exhibited the same functional characteristics as the vesicles before adsorption, that is, PE still augmented APC-dependent factor Va inactivation to the same extent (data not shown). The particles allowed rapid removal of the phospholipids with any adsorbed IgG. IgG from patient C21 partially inhibited APC anticoagulant activity ( Fig. 9 , open squares) compared with IgG from normal plasma (open circles). Adsorption of the patient IgG with PS/PC did not remove the inhibitory activity toward APC function ( Fig. 9, closed squares) . In contrast, adsorption of the same IgG with PE/PS/PC eliminated almost all of this inhibitory activity ( Fig. 9 , closed circles), resulting in an IgG fraction with properties almost identical to immunoglobulin purified from normal plasma (open circles). Adsorption of normal IgG with PS/PCor PE/PS/PC-containing liposomes had no influence on the assay (data not shown). These results suggest that, at least in this patient, the inhibitory IgG can bind to PE-containing vesicles. . PE-containing liposomes adsorb antibodies with inhibitory activity toward APC. The assay was performed as described in Fig. 4 
Discussion
In this study we observed that plasma from patients with antiphospholipid antibodies can preferentially inhibit APC function but that, in general, they do so only on vesicles that contain PE. The basis of the selective inhibition of APC function seems likely to reside in the combined observations that a high preponderance of antiphospholipid antibodies bind preferentially to PE and cardiolipin and PE is a more important component of the APC anticoagulant complex than of the procoagulant complexes. Thus, many conditions exist where the potent anticoagulant effects of APC are virtually eliminated by the antiphospholipid antibodies. Although previous studies have shown that lupus anticoagulants can inhibit factor Va inactivation by APC ( 13) , none of the studies has provided a basis for a net procoagulant effect. Indeed, in a recent report published after we completed the present study, inhibition of APC anticoagulant function was observed in APIT assays in many patients with lupus anticoagulants. They also observed that the magnitude of the lupus anticoagulant activity correlated poorly with the inhibition of APC anticoagulant function (32) . These results are in essential agreement with our findings. Several groups have also focused on the frequency of antibodies reacting with PE in patients with thrombosis and/or lupus anticoagulants (25, [33] [34] [35] . These studies have concluded that antibodies reacting to PE are associated with increased risk of thrombosis and/or contribute to the lupus anticoagulant activity. The unusual situation in which the membrane component essential for optimal expression of anticoagulant activity is also the target of the antiphospholipid antibodies provides a rational explanation for the ability of membrane binding antibodies to favor coagulant over anticoagulant reactions. Consistent with this hypothesis, several of the patients had modest to low lupus anticoagulant activity yet inhibited APC function very effectively. This potent inhibition required the presence of PE in the vesicles. The exact mechanisms by which the antiphospholipid antibodies inhibit APC anticoagulant activity remain to be established. It is clear, however, that the inhibitory IgG from at least A B A 0 0 -""IO, 0-0~~ one patient can bind directly to PE-containing phospholipids but not to PS/PC-containing phospholipids. It is likely that this class of antibodies competes with APC for membrane binding or interferes with the specific PE-dependent APC functions. Based on studies of others, however, at least some antibodies preferentially interact with APC-membrane complexes (7) . Since potent inhibitory activity toward APC function was observed only in the presence of PE-containing vesicles, it would appear that even with the latter class of inhibitory antibodies, PE must play a role in recognition by the antibodies. These studies provide the basis for a potential diagnostic approach to detecting patients at risk of thrombosis and a means to monitor therapy of patients with antiphospholipid antibodies. Evaluation of the relationship between PE-dependent anti-APC activity and thrombotic risk is in progress. Preliminary results support the tentative conclusion that high anti-APC activity in the absence of potent lupus anticoagulant activity may be a risk factor, but further studies are required to confirm this hypothesis. Indeed, patient T15, C13, and T28 all had a history of thrombosis, but other patients have been observed with similar inhibitory activity that do not have a history of thrombosis. Patient T28 is particularly interesting and possibly reflects the physiological significance of inhibiting APC function. Patient T28 is a hemophiliac who developed an acquired factor VIII inhibitor, but, subsequently, after the factor VIII inhibitor titer decreased, the patient experienced thrombotic complications. If these antiphospholipid antibodies that inhibit APC function ultimately prove to correlate well with thrombotic tendency, then the antiphospholipid-dependent APC resistance should be considered in addition to protein C deficiency, protein S deficiency, and APC resistance due to abnormal Factor V as a risk factor for thrombosis.
A physiological role for PE in the anticoagulant reactions is certainly feasible since in addition to phosphatidylserine, full activation of platelets with potent agonists (e.g., thrombin and collagen) can result in the outer leaflet of the platelet containing nearly 40% PE (27) . Therefore, the presence of PE on membranes that are involved in coagulation has been documented. The potential specificity of lupus anticoagulants for PE has been validated in at least one study in which human monoclonal antibodies were prepared from the lymphocytes of a patient, and these antibodies all exhibited a high degree of specificity toward PE (21) , especially in the hexagonal phase. It remains to be seen whether these observations will aid in identifying patients whose antibody titers and specificities contribute to a high thrombotic risk.
